Abstract: Maxwell's displacement current flowing through a metal electrode/air gap/Langmuir monolayer was detected. MDC experimental results obtained during a step compression mode are presented and contrasted with the Debye-Brown rotational model. As an alternative approach a theoretical model based on an analogy with a nonideal gas of polar molecules is derived from Lagrange's equation of motion.
Introduction
Insoluble monolayers at the air/water interface (Langmuir films) have attracted much interest not only as models of low-dimensional systems, but also as systems promising for various technical applications. Hence, investigation of molecular order and dielectric relaxation phenomena of a monolayer are necessary for the study of basic physical properties and behaviour of a film transferred on a solid substrate.
Although various experimental techniques have been used for measuring order parameter (molecular tilt) in organic monolayers, only a few of them are suitable for studying dynamic relaxation phenomena. In the previous decade the experimental method of measurement of the dynamic dielectric response of the total electric dipole moment in the Langmuir film [1] - [3] was developed. A partial modification of Iwamoto's MDC apparatus appeared in [4] and was tested by measuring stearic acid (SA) and diacetyl (DA). The further introduction of regularly interrupted non-continuous compression, [5] - [6] allowed following the relaxation processes during which the system of molecules reaches an equilibrium state after stopping the barrier. The step compression experiment enables the dielectric relaxation to be investigated and the phenomenological relaxation time constant can be estimated [7] .
In this communication the results of our step compression experiment are presented and briefly contrasted with the Debye-Brown rotation model. Moreover, the relation representing the behaviour of the molecular tilt was derived from the Lagrange equation of motion and its adequacy was confirmed by comparison with results of the step compression experiment.
Experimental
The core of the experiment is based on a short-circuited capacitor formed by two parallel plates between which a monolayer of organic molecules is situated at the air/water interface (Langmuir monolayer). Maxwell's displacement current (MDC) is there generated by a mechanically provided change in the dielectric polarization. The schematic view in Fig. 1 shows the basic components of the experimental setup. More details about the experimental device (NIMA Technology, UK) are described in [6] . Compression of the monolayer by means of a movable barrier results in a change of surface concentration of the molecules as well as in a change in the orientation of the direction of the molecular electric dipoles. The change of the orientation of the polarization vector can be expressed as Maxwell's displacement current flowing through the monolayer. As we have shown in our previous studies [8] the current flowing in the outer circuit can be expressed as the change of the induced charge in time
where µ is the dipole moment of one molecule, N is the number of molecules under the top electrode and G is a geometrical factor depending only on the distance between the top electrode and the top plane of the monolayer, and on the radius of the circular electrode.
cos Θ stands for the statistical mean value cos Θ where Θ is the angle between the vector of the dipole moment and the vertical z-axis and is defined by the relation
where dΩ is the solid angle in which the molecule lies andŪ is the mean value of the interaction energy. The potential energy was determined in accordance with our previous model of the monolayer [8] . The mutual pair interaction between molecules consists of two-body dipole-dipole interaction and Buckingham's modified potential [10] 
where C, r 0 and B are constants and r is the center-to-center separation of the particles and µ, µ are dipole moments with the base direction vectors ν, ν and base vector n connects the polar heads of a choosen pair of molecules. The energy of such a cluster can be expressed as a sum of all pair interactions involved. The suitability of the Buckingham potential in seven-particle clusters of molecules was presented in [8] . For all our calculations a spatial averaged value of the cluster potential energy is used. For the mean value of the interaction energy we can obtain
A comparison of typical measured data obtained by continuous compression on a stearic acid monolayer with results of our calculations is shown in Fig. 2 (upper curve). Compression rate was β = 0.15Å 2 /s. The area of 20Å 2 per stearic acid molecule is a limiting area and further compression causes a destruction of the monolayer. We worked always in compression mode and beyond 25Å 2 (i.e. exceeding 10 − 12mN/m in surface pressure) we observed a dramatic decrease in the MDC current indicating that the vertical component of the molecular dipole moment remains unchanged upon further compression in the LS and S phases. So the working interval covered the changes in orientation occurring in the L 2 phase. The stimulation of the monolayers on the water surface by external compression can be also used for studying dielectric relaxation phenomena in a low-dimensional system. Under the relaxation process we observe a continuous transition of the molecules to a stationary state after stopping compression: the measured current decreases and so does the dynamic change of the normal projection of the dipole moment. The record of the step compression is presented in Fig. 2 (bottom curve) . The course of the compression was interrupted at four selected areas per molecule and the time dependences of relaxation processes were observed. Fig. 3 shows in closer detail the dielectric relaxation process. 
Discussion
A recently used theoretical explanation of the behavior of dielectric relaxation phenomena in the Langmuir film can be found in [9] . This is based on the well-known theory of the rotational Debye-Brownian equation. In the case of external stimulation an approximation for the relaxation time can be used as derived in [9] 5), however, the exponential functions fit the experimental data only at the few first points (Fig. 3 -dotted line) . 
Lagrange's motion equation
The molecules have a tilt Θ ∈ 0, Θ A from the vertical axis, where the maximum possible tilt angle Θ A is a function of the area per molecule and is defined by the relation cos Θ A = 1 − A/A C (A C is the critical area for the molecule lying on the water surface) [9] . Because the system has a spontaneous tendency to expand, we assume that the molecules have tilt Θ = Θ A .
In spherical coordinates where one molecule is at the centre of the system, for a generalized variable Θ the Lagrange equation of motion of a cluster of n molecules has form ∂ ∂t
The kinetic energy consists of rotational, precessional and translational energy. The latter consists of the mean value
kT , where i is the degree of freedom (constant for a given temperature T ; disappears under time differentiation) and its change 2 . The derivative of the kinetic energy E K with respect to a coordinateΘ can be expressed in the form
where J, J 1 are moments of inertia. Also, we consider a homogeneous distribution of molecules (|ṙ j | is identical for nearest-neighbour pairs) with precession velocity independent of rotation of the molecule around the horizontal axis. The coordinates r and Θ are not independent; they are connected through the bond relation r = 2 sin Θ, where is the length of a molecule. Substituting the change in the kinetic energy into eq. (6), is possible to express the angular acceleration
where J is the moment of inertia and m and are the molecule's mass and the molecule's length, respectively. If we assume nJ/2(n − 1)m 2 = n/6(n − 1), for small tilt angles cos 2 Θ n/6(n − 1) and we can neglect the second term in the denominator. In order to analyze the influence of the second term on the right hand side, we getΘ = 2 tan Θ ·Θ 2 . In comparison with the relaxation times (τ ∼ 1 − 2s) obtained from experimental data the value of this term is negligible, and need not be taken into consideration.
Because the observed relaxation phenomena are reminiscent of resistance of the environment to the motion we apply a friction term −ξΘ to the equation of motion. Therefore eq. (8) is rewritten asΘ
where ξ = ξ/2A C . For a numerical solution eq. (9) was used in the form
with the parameters a = 0.016kg −1 , b = 0.1s −1 . As described in our previous paper [8] , it is reasonable to express the dependence of the generated current I as a function of the compression rate β(t) = dA/dt
where I 0 and β 0 represent the current and the compression rate at time t = 0. These theoretical calculations satisfactorily fit the experimental dependences (Fig. 3) . The experimental results as well as the calculated curves are in agreement with the reasonable expectation that the rate of relaxation is inversely proportional to the molecular packing, which favours intermolecular energy exchange during the relaxation.
Conclusion
Analysis of the molecular motion by the Lagrange equation explains the observed orientation-translation relaxation process in the monolayer after stopping its compression. The proposed model fits the differences between various molecular concentrations of the monolayer and we obtain a very good match of the measured relaxation process with the theoretical calculations. This approach also provides a new possibility of verification of the intermolecular potential chosen for the type of monolayer studied.
